We studied the state-resolved dynamics of S 1 acetaldehyde to product channels with quantum-beat spectroscopy. Two bands near the threshold of dissociation to radical products CH 3 ϩHCO in a supersonic jet, displaying most quantum-beat features, are recorded with resolution 0.025 cm Ϫ1 . Evaluated on the basis of a simple asymmetric rotor, the origins of these two bands 14 0 2Ϫ 15 0 1 and another denoted # are 31 275.045͑1͒ and 31 523.263͑1͒ cm Ϫ1 ; effective rotational constants of excited state are Aϭ5.7883(1), 5.0408͑3͒, Bϭ0.33269(2), 0.32320͑2͒ and Cϭ0.31026(2), 0.32091͑2͒ cm Ϫ1 , respectively; large A value results from lack of consideration of torsional motion. For these two vibrational levels most rotational states ͑about 70 percent͒ display quantum-beat features attributed to coherently excited singlet-triplet eigenstates. The linewidth in transformed spectra for level #, ϳ125 cm Ϫ1 below the dissociation threshold, increases with increasing total angular momentum J whereas level 14 2Ϫ 15 1 that is 375 cm Ϫ1 below shows a small linewidth independent of J. This is because correlation of the triplet state with dissociation to form radical products results in a decreased lifetime of the triplet state in the tunneling region. A systematic dependence on rotational quantum number implies Coriolis-induced vibrational coupling of triplet states to dissociating continuum on the exit side of the dissociation barrier.
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I. INTRODUCTION
State-selected measurements of unimolecular dissociation provide evidence of mode-and state-specific dynamics. Several groups measured rates of unimolecular dissociation from single eigenstates of highly excited molecules on the ground potential-energy surface for molecules D 2 CO, 1, 2 HCO, [3] [4] [5] DCO, 6, 7 HFCO, 8, 9 NO 2 , 10 CH 3 O 11, 12 , HOCl, 13, 14 etc. Stimulated-emission pumping, degenerate four-wave mixing and detecting fragments in combination with doubleresonance overtone excitation on the parent molecule are methods employed to investigate state-selected dissociation dynamics. Dynamics specific to a vibrational mode are observed for most molecules studied. Moore and co-workers 8, 9 showed that molecule HFCO displays a rate of dissociation with Coriolis-induced vibrational coupling depending strongly and systematically on the rotational quantum number in addition to specificity to vibrational modes. For other molecules a few rotational states have short lifetime when dissociating states come into resonance. The transition S 1 -S 0 of acetaldehyde is described as n-*. Relaxation of state S 1 after photoexcitation in the UV region proceeds mainly through intersystem crossing to state T 1 , then to dissociation. 15, 16 Dissociation to form radical products is reported to correlate to state T 1 with an exit barrier according to results of nonstatistical distributions of rotational states of fragment HCO. 15 A fit of experimental data 17 to rates calculated with Rice-Ramsperger-KasselMarcus ͑RRKM͒ theory 18 yields a formation threshold at 31 650 cm Ϫ1 . Quantum-beat experiments 16, 19 produced evidence of strong coupling between states S 1 and T 1 . Use of quantum beats provides essentially Doppler-free spectra with resolution at high energy limited only by the lifetime of coherently excited states, and is insensitive to effects of saturation. 20 Lee and Chen 16 reported that the linewidth in transformed spectra, corresponding to the lifetime of state T 1 , increases with excitation energy; coupling to a dissociation continuum decreases the lifetime of state T 1 .
In the present work we recorded fluorescence decays of rovibronic states near the dissociation region with a transform-limited laser beam. In this region 1500-1700 cm Ϫ1 above the ground vibrational state of S 1 , the spectra show nearly one band per 10 cm Ϫ1 . In the beginning we chose analysis for two vibrational states; both display distinct quantum-beat features. They are ϳ125 and 375 cm Ϫ1 below the threshold for dissociation to study the stateselected dynamics of acetaldehyde. For other bands displaying fewer transitions with quantum beats, the spectral analysis is currently under investigation. their dynamics related to dissociation, as a basis for discussion of state-selected dynamics of triplet acetaldehyde showing a strong dependence on rotational quantum number.
II. EXPERIMENTS
Acetaldehyde ͑Aldrich 99.5%͒ seeded in helium 0.1-1% in a supersonic jet was used to obtain various rotational temperatures. Such mixtures were expanded through an orifice ͑General Valve, diameter 0.2 mm͒ into a vacuum chamber with stagnation pressure 7-10 atm. The background pressure in this chamber was maintained at 1ϫ10 Ϫ5 Torr while the pulsed valve was operating. The rotational temperature of acetaldehyde in the jet was estimated to be less than 2 K for a mixture at 0.1%.
A tunable beam from a UV laser was obtained by mixing the output at 532 nm from a seeded Nd:YAG laser ͑Spectra Physics, GCR 190͒ with the output of a pulsed amplifier in a KDP crystal ͑INRAD, KDP-C͒. Output of the single-mode Ti:sapphire laser ͑Coherent 899-29͒ was used as a seeding beam for the pulsed amplifier. Inside this amplifier the IR seeding beam first passed twice through a dye cell pumped by a Nd:YAG laser, then passed a Ti:sapphire crystal, pumped with another Nd:YAG laser, eight times to yield pulses at energy 20-30 mJ/pulse and repetition rate 30 Hz. The output of the pulsed amplifier has a transform-limited bandwidth in wavelength range 788-794 nm and temporal width 3-4 ns. This laser system is described in detail elsewhere. 21, 22 After frequency mixing the UV beam has an energy of 2.5-3 mJ/pulse in a wavelength range 316-320 nm and bandwidth ϳ100 MHz.
This laser beam intersected the molecular jet 20 mm from the outlet of the pulsed valve; near intersection region the diameter of the beam was 3 mm. Total emission of acetaldehyde was collected through two lenses onto a photomultiplier without an amplifier; between the lenses a slit was set to limit the Doppler spectral width to р0.025 cm Ϫ1 . An interference filter (412Ϯ6 nm) in combination with baffles in both arms of the vacuum chamber served to eliminate scattered light.
The spectra were recorded with a step size 150 MHz. The absolute frequency of spectral features was determined with transitions obtained at medium resolution Ϸ0.1 cm Ϫ1 ; these spectra were recorded with output from a dye laser after frequency doubling. The wavelength of the fundamental laser beam was calibrated with I 2 transitions. The wavelength of the seeded Nd:YAG laser was previously determined over several days to verify the stability of absolute position of the seeder; 23 within the period of measurements, variation of frequency of the seeder was much less than 0.01 cm Ϫ1 ; the overall accuracy of absolute frequency is Ϯ0.02 cm Ϫ1 . The precision of relative positions in spectra recorded at high resolution is expected to be within 0.004 cm Ϫ1 . Decays of fluorescence of individual levels were recorded with a digital oscilloscope ͑Tektronix 744A, 500 MHz͒ and were averaged over 2000-3000 shots. Each trace is 1 s long containing 500-1000 points; the stepsize is 1-2 ns. When a Fourier-transformed spectrum of a decay curve was performed each trace was added to duration 4 s to increase the resolution of the transformed spectrum.
III. RESULTS AND DISCUSSION

A. High-resolution spectrum
Preliminary spectral assignments for these two bands were made using the method of combination differences of rotational levels in the ground electronic states. 24, 25 Because spectra were recorded at high resolution, we differentiated transitions from either a or e components that are split from torsional motion of the CH 3 moiety. Both spectra display a band structure of hybrid type aϩb. For both bands only transitions with K a ϭ0 and 1 in S 1 were assigned definitely. Most assignments were confirmed with quantum-beat features for the same upper states. Portions of experimental spectra of these two bands and assignments appear in Figs. 1 and 2. The line positions and assignments are listed in Tables  I and II . Of transitions within the wavelength region of the analyzed band, less than one-fifth and one-third for the low and high energy bands, respectively, remain unassigned; these might be transitions belong to other vibronic band. Before our work many groups 26-33 studied transition
The torsional motion of CH 3 and its interaction with aldehyde inversion hamper assignments of spectra at energies starting near the barrier of CH 3 torsion. Moule and co-workers [31] [32] [33] assigned spectra recorded at high resolution up to 600 cm Ϫ1 from the origin, 0 0 0 . According to their analysis bands displaying hybrid type aϩb correspond to transitions to states with vibrational symmetry a 2 . Hence these two vibrational levels detected are expected to have an odd vibrational quantum number in either 14 ͑inversion͒ or 15 ͑torsion͒. We evaluated rotational parameters on performing leastsquare fits with a Hamiltonian assuming a simple asymmetric rigid rotor. Liu et al. 32 and Ortigoso et al. 34 reported that levels belong to a component can be fitted according to an asymmetric rotor but large deviations are expected for fits to transitions to the e state. Hence, with this simple model the rotational constants can be obtained. According to these fits the origins T 0 and rotational constants are listed in Table III ; the band at 31 523.263 cm Ϫ1 not previously assigned is labeled # temporarily. Definite assignments of these vibronic bands require development of a more suitable Hamiltonian with solution of interactions among torsion, inversion and rotation. Future work in assigning transitions to e components is important to add understanding spectra and dynamics, for instance, in comparison of rate of a relaxation process such as internal conversion and intersystem crossing with the a components.
B. Fluorescent decay with quantum beats and dynamics of triplet states
Fluorescent decays of levels were recorded for rotational states of these two vibrational levels. Most measured curves, about 70%, display quantum-beat features because with present experimental resolution less incoherent averaging diminishes the beat amplitude. Some experimental curves and their Fourier-transformed spectra in time domain are shown in Fig. 3 . Because the laser beam has a bandwidth ϳ100 MHz, states coupled to a S 1 state more than 100 MHz cannot be coherently excited. In previous work 16, 19 quantum beats were elucidated from coherently excited singlet-triplet eigenstates and coupling matrix elements were determined to be less than 100 MHz. Hence these experimental results reflect almost all states coupled to state S 1 . In addition, because our detection was unpolarized, beats arising from hyperfine components of S 1 state do not expect to appear. 36 The coupling states measured here are mainly attributed to triplet states T 1 .
Plots of linewidth of transformed spectra versus total angular momentum J for both vibrational levels appear in Fig. 4 37 Hence, the natural width of these states is expected to be р2 MHz.
These two vibronic levels # and 14 2Ϫ 15 1 belong to same symmetry, hence they are expected to show similar interac- tions with triplet states. From the results of previous work 16 the linewidth increases with excitation energy; the onset in the plot of linewidth versus energy agrees with the dissociation threshold for formation of HCOϩCH 3 . Hence, the disparate linewidths arise because the triplet state is coupled to dissociation. Far below the dissociation threshold the lifetime of a S 1 state is increased from mixing with triplet states. At ϳ125 cm Ϫ1 below the dissociation threshold the molecule can tunnel through the exit barrier to form radical products. Hence these triplet states are expected to have a short lifetime. From the broad linewidth the states coupling to level # shows lifetimes 85-35 ns for Jϭ1 -5, shorter than for state S 1 .
For propynal vibronic spin-orbit interaction is the dominant mechanism of coupling between states S 1 and T 1 . 38 The major contribution is from the top axis that yields a selection rule ⌬Nϭ⌬Kϭ0. Under an assumption that coupling in acetaldehyde is similar to that of propynal, the quantum number K of triplet states that have the most intensity in the transformed spectra approximately equals that of the monitored singlet state. Accordingly our experimental data imply that lifetimes of triplet states decrease greatly with K; this means that the triplet states coupling to dissociation continuum increases with K. In this case, most likely the Coriolis interaction induces the coupling among triplet states and to dissociation states; the effect is dominant with increasing quantum number K when the value of rotational parameter A is much greater than for parameters B and C. Another mechanism such as a dipole-dipole term in the hyperfine interaction proposed by Bitto et al. 38, 39 on mixing of K states of triplet states after intersystem crossing is possible, but cannot explain the large decrease of lifetime with increasing K. Upon excitation molecule undergoes intersystem crossing to the triplet manifold from spin-orbit interaction, then possibly Coriolis interaction is important between the triplet and dissociation continuum for formation of radical products.
For HFCO 8, 9 about the tunneling region, rotation of the parent molecule is the dominant effect to promote dissociation. Mechanism of Coriolis-induced interaction between eigenstates and dissociating states yielding further dissociation channels, consequently increasing the rate of dissociation, was proposed by Moore and co-workers. 8, 9 Compared with the case of HFCO our experimental data for level # show systematic dependence of lifetime on rotation quantum number. A more dramatic increase is observed for HFCO because fast dissociation rate is expected. Slight coupling to dissociation continuum causes large variation in decay of eigenstates.
C. Mixing of S 1 and T 1 states
Decay curves were fitted to a single exponential function to yield the average decay rate of eigenstates; this condition reflects predominantly the decay of state S 1 and the effect from coupling to the dark states T 1 . Lifetimes obtained from fits are shown in Fig. 5 40 Long lifetime for other states is observed because of coupling to triplet states in the region of low vibrational energy. At the energy region interested in this work, fast internal conversion rate is expected. From the intercepts in plots of Fig. 5 we estimated the rate of internal conversion to be around 9ϫ10 6 ͱn QB . In the present work although lines in the transformed spectra are broadened from earth field and short lifetime the experimental data show that n QB increases with J for Kϭ0 states ͓see Fig. 3͑a͔͒ . In addition, in Fig. 5 the lifetime from single exponential fits shows a slight dependence on J in agreement with increasing n QB coupled to a given bright state. The number of hyperfine states increases with J consequently that n QB increases. However, for Kϭ1 states of these two levels both n QB and lifetime do not seem to depend on J; for the same J states, Kϭ1 has smaller n QB than K ϭ0. Further investigation on states with large K value should elucidate the problem of interaction between the singlet and triplet states.
According to previous work the density of states of T 1 is estimated to be ϳ100 per cm Ϫ1 in this region based on theoretical harmonic vibrational frequencies and ϳ500 per cm Ϫ1 from experimental data. 16, 17 Within a window of 100 MHz, the number of vibrational states is about 0.4-2. The actual is expected to exceed the calculated value because of anharmonicity and interaction to a dissociation continuum. The scattered lifetime can arise from variation of the number of T 1 states.
The temporal coefficient for appearance of HCO near level # was measured to be ϳ70 ns. 17 This value is less than that obtained from fitting the decay curve of S 1 to a single exponential function for low J but close to the values for J ϭ5. First this can be because a warmer jet was used previously; states with J values near five were prepared possibly. Second the eigenstates coupled to dissociation channels differently. The ones strongly coupled to the dissociation channel are expected to produce fragments. Similar behavior is observed that the decay rate of fluorescence of deuterated acetaldehyde is less than that of DCO appearance. 17 These results imply a slow intramolecular relaxation rate compared with dissociation rate.
In summary we assigned rotational structures of two vibronic bands 14 0 2Ϫ 15 0 1 and # near the triplet dissociation threshold. The terms and rotational parameters of these two vibrational states are determined. The quantum-beat spectra obtained from decay of rovibronic states of S 1 we studied the dynamics of triplet states correlated to dissociation of formation CH 3 ϩHCO. A Coriolis interaction among vibrational states within the triplet manifold is proposed to explain a systematic increase both of number of T 1 states coupled to state S 1 and of the rate of dissociation with total angular momentum. Further spectra in relation to vibrational structures of acetaldehyde near a dissociation threshold will provide detailed information on the vibrational dynamics of dissociation. 
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